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FOREWORD

This document presents the research performed under support from the U.S.
Air Force Office for Scientific Research, under Grant No. 80-0267, in the
period 1980-1984 at Montana State University. Principal investigator was the
author, Dr. Anthony Demetriades, Professor of Mechanical Engineering at MSU.
The AFOSR officer in charge was Captain Michael Francis.

The objective of the research was the study of the hydrodynamic stability
of a flat—-plate laminar boundary layer in the MSU Supersonic Wind Tunnel by
measuring the amplification of natural disturbances in the flow. Initially,
some emphasis was placed on the additional effect of surface roughness on
stability, and a master’s thesis by a graduate student was prepared on the
flowfield over a rough wall. Emphasis was gradually shifted to the smooth
wall problem, which was found more demanding and potentially more fruitful
than originally thought.

The author is indebted to AFOSR for its patience and support throughout
this work, and to Glenn McCullough for assistance with the model, the wind

tunnel operation and the gathering of the mean-flow data.
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Overview of the STABLEOZ Program . . . . « « &« « o« « o« o o « &
Curve-fit examples at 30.4 and 40 KHz. . . . . . . . . . . . .
Curve-fit examples at 57.6 and 76.8 KHz. . . . . . . . . . .
Curve-fit examples at 88 and 126.4 KHz . . . . . . . . . . .

Influence of included x range on curve-fits. . . . . . . . .

Influence of included x range on curve-fits. . . . . . . . . .

vii

...... L N F S ST S
L e e T Tl T

. P TS YN R S S TR
- - .« ® b - - . . R S P SR P A IR Y I T ® -t A - ." . - - - - - - - -
FL PPV (LA PR AR OIS PR AL TEUOAE PR S PRV AL PSP VAT S5 T VIV W W W R Y VS VA W 7 v D W VN




-'.
.

t

Ly

FaRY
':4."::"
ol
LIST OF SYMBOLS i
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A: r.m.s. fluctuation amplitude.
a;: Coefficient in formula for measured momentum Reynolds no.
a,: Coefficient in formula for measured momentum Reynolds no.
® .
C: Chapman-Rubesin constant.
cg:  Friction coefficient.
e: r.m.s. hot-wire voltage (=A)
L
f: Frequency.
F: Non-dimensional frequency.
G: Fluctuation spectrum referred to spectrum at R = R;.
o

k: Average roughness height.
M: Mach number.

p: Pressure.

o
o]

Y
s

Square root of Rex. :

-“_..'.&"
N ady
Rey: Reynolds no. based on edge conditions and x. AN
AT A
'.. - .( [l
R,: Value of R chosen as a reference (R, = 150 here). e,

®
- e
" [
N 1

Reg: Reynolds no. based on k and edge conditions.
Rep: Reynolds no. based on k and on conditions at y = k.

Rer: Momentum Reynolds no.

¢ Regyom: Nominal (calculated) momentum Reynolds no.
ReeACT: Actual (measured) momegtum Reynolds no.
Re;,: Momentum Reynolds number at first departure (transition).
¢ Re : Reynolds no. based on edge conditions and layer thickness.
Re': Unit Reynolds no. bascd on edge conditions.
T: Temperature,
&
T,: Model surface temperature.
T,: Total temperature.
'y viii
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Stagnation temperature of tunnel flow,

Velocity.

Distance from the leading edge.

Entrainment (fluctuation ingestion) point.

Reference point = xj.
Distance from plate surface.
Compressible-transformed y.

Amplification rate.

Ratio of specific heats.
Boundary-layer thickness.

Increment along x.

Momentum thickness.
Fluctuation wavelength.
Kinematic viscosity.

Density.

Fluctuation wavefront inclination angle.

: Boundary-layer edge conditions.

( )o: Stagnation conditions.
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1. Introduction and Motivation j:j:;:%
It is common experience that surface roughness promotes transition to _:‘q}
® R
turbulence in the laminar boundary layer. Nearly every text on boundary E-,
layers includes a summary of the numerous experiments done to date, by which :l’.
transition to turbulence was found to move upstream when the surface is '.:;j:
¢ PR
roughened. The body of available literature is necessarily large because of !_‘;.,
the large variety of possible roughness geometries and their distribution on E'--J:-;.
the surface, i.e., of the spectrum of the surface contour. There are several '1:’
prevalent notions of turbulence generation by roughness: one is that the E_,:
turbulent wakes of a few isolated surface protrusions agitate the boundary i
layer into a turbulent state; another, that the roughness distorts the mean
° flow field into a hydrodynamically unstable shape. The latter view has -
attracted attention especially when the surface is uniformly covered by
o "distributed" (statistically stationary) roughness of height k much smaller .-:'
than & (the layer thickness). E..E
As an ideal example of a formal connection between roughness and :{.’:
RN
transition, one could calculate the mean velocity profile distortion due to :‘h\"
¢ small-scale, uniformly distributed roughness, and then subject this profile to
hydrodynamic stability analysis; a rational connection between the roughness
and transition would thus be found. Such a task would be arduous because of
¢ the difficulty of the flowfield calculation and the need to repeat it for
every conceivable type of roughness. As an alternative, Reshotko
(Reference 1) and Kendall (Reference 2) instead attempted to measure
* experimentally the velocity profile with roughness, with a view of perhaps
using the measured profile as an input to stability analysis. One cc;uld then
© make parallel stability (e.g. disturbance amplification) measurements, and
compare the latter with stability characteristics predicted from the measured
o I
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mean rough wall flowfield.

The Reshotko and Kendall tests were done at low speeds. The work
described here was planned as the analog for supersonic flows. Specifically,
the purpose here was to measure both the mean profile and the amplification
rates (stability diagram) of a supersonic laminar boundary layer, when the
wall surface is rough. Under the best of circumstances, it was hoped that
eventual use of the measured mean profile could be made by stability theory
for amplification calculations, and that the stability characteristics so
calculated would in turn be compared with the measured stability
characteristics. No information exists to date on the amplification of small
disturbances in a supersonic boundary layer over a rough wall; such
information would be in any way invaluable toward the understanding of the
role of roughness in promoting transition. Thus, the data could play a dual
role as checks of the stability theory and as practical guides to transition
prediction.

At the inceptioh of the present program, it was clearly understood that
previous knowledge on the supersonic boundary layer stability with a smooth
wall should be the necessary base on which the measurements with roughness
should rest. It soon became apparent that such knowledge was overestimated.
A survey of the experiments done on smooth wall stability showed a number of
reports dealing with subsonic edge Mach Number M, (e.g. References 3 and &), a
series of experiments at 1.5 < M, < 2.2 (Reference 5) and a rather heavy
concentration at 6 < M, < 8.5 (References 6 through 11 ). Kendall (Reference
12) made another series of measurements at Me = 3 and 4.5, but his
presentation deals mainly with the issue of boundary layer response to the

free~-stream mnoise with little information on the disturbance behavior within

the boundary layer especially at Mach 3.
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Those with some experience in amplification measurements at M, = 3 have
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given discouraging accounts of its suitability as a test-bed of linear
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T. stability theory. Laufer and Vrebalovich (Reference 5) limited their
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published account of stability to M, = 1.6 and 2.2 because "...at M = 3 the

detection of self-excited oscillations was much more difficult and less

B
TR
b‘ < 1
F;\. Oy

k reliable." Kendall notes that in his supersonic experiments "fluctuations of
all frequencies were observed to grow monotonically larger in the region of a
boundary layer extending from the flat plate leading edge to the predicted
location of instability, i.e., in a region where no growth was expected"
(Reference 12, p. 291). This statement portends grave difficulties for

stability experiments aiming at the observation of neutral boundaries for

® checking the linear stability theory at or around M = 3. Such experiments,
furthermore, also depend on amplified "Tollmien-Schlichting wave" observation
as a reliable indicator of ongoing instability, and indeed the accidental

o discovery of such waves by Schubauer and Skramstadt in the 1940°s (Reference
3) supplied the major impetus for modern-day stability research. Even at -
hypersonic speeds, laminar instability waves are so pronounced that they are :‘:'

® routinely visible even with unsophisticated sensors. This selectivity of the
boundary layer apparently disappears at He = 3, however, giving the

’ experimenter no immediate evidence of disturbance amplification.

® An interesting theoretical explanation of the exceptional non-selectivity

and low amplification in the vicinity of M, = 3 is supplied by Mack (Reference

L 13, p. 282). It turns out that M, = 3 lies at the minimum of curves one can

v plot theoretically of maximum spatial amplification rate vs. Mg. This minimum

‘ marks the intersection of 3-D, first-mode amplification rates, and the rates

’ due to 2-D second-mode disturbances. Thus Mg = 3 occupies a unique spot in

d boundary layer stability, one which should present difficulties to the

® 3
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experimentalist and the theoretician alike.

As a result of the ideas expressed above, the objective of measuring the
growth of damping of natural disturbances over the smooth wall, rather than
being an initial tare measurement, became quite imperative. The smooth wall
stability measurement provided, in the end, most of the measurements described

and conclusions reached here.

2. Wind-Tunnel Facility

Al]l measurements described here were done in the continuous supersonic
wind-tunnel at MSU (MSU/SWT) at Mach number 3.0. A detailed description of
the facility appears in Reference 15. The relevant attributes of this
facility are its ability to run for long periods (e.g. 8 hours) at constant
supply (stagnation) pressures and temperatures, its steadiness and uniformity
of flow, its convenience of access to the test section, its broad expanse of
optical view of the flow, its automated probe control and data acquisition and
the ease of controlling the sidewall boundary layer transitionrn zone. An

overall view of the facility is shown in Figure 1.

3. Early Experiments with the Axi-Symmetric Model

This program began as a graduate student thesis experiment to look at the
rough wall flowfield, stability and transition on an axi-symmetric (ogive-
cylinder) model at Mach 3. This geometry was chosen mainly to alleviate
possible problems of model-wall interference common with flat-plate models.
This phase of the program is presented in detail in Reference 16.

The model consisted of a 20.3 cm long, 2 cm diameter cylinder attached to
an 11.7 cm long ogive with a sharp tip of 5.2° half angle. The rear end of
the ogive screwed on and blended smoothly with the front end of the cylinder

while the latter was supported in the back by a sting. This model was always

[——
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operated at zero angle of attack, in the tunnel stagnation pressure p, range
of 200-600 torr (unit Reynolds number range 20,000 < Re” < 60,000/cm), and
¢ stagnation temperature range 75~125F. The model is pictured on Figure 2.
The boundary layer flowfield over this model was first examined when the
cylindrical afterbody had a smooth surface (the ogive was always configured
¢ vith a smooth surface). The transition dependence on p, was measured, and it
was next attempted to determine the surface roughness suitable for stability
measurements by introducing roughness on the cylinder and studying changes in
¢ the transition location. Accordingly, duplicates of the cylindrical afterbody
were built which were covered by uniformly distributed sand-type roughness;
these roughness "overlays", pictured on Figure 3, were made of ordinary shop
¢ sandpaper which had earlier been subjected to a measurement of roughness
height by profilometry (Reference 17). The random roughness height k, quoted
below, was consequently known with some accuracy (as Reference 17 explains, k
¢ represents the average peak-to-valley height).
Two important findings emerged. First, it was extremely difficult to
trip transition with such sand-type roughness, even though k was gradually
¢ increased by changing to coarse overlays. For example, changes in tramsition
were practically imperceptible for 60-grit roughness (k = 0.004" = 0.01 cm).
For such k we computed
¢ Ree = 5;‘,;&- = See (1)
Re, = ‘i!‘)—:-‘- ~ 23 (2)
A3
‘l' where "e" refers to boundary layer edge properties and "k" to properties at
| y = k. Feindt (Reference 18) claims that when the former of these two
Reynolds numbers is about 120, the roughness becomes effective as a transition
e trip in incompressible flows. In view of eq. (1), Feindt’s criterion is
obviously invalid at high speedé. This is hardly surprising for supersonic
o 5
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5 flows where the density is low near the wall and where the roughness has to

>, protrude into higher flux regions to be effective. The proper criterion

5 involves the Re, of eq. (2) as originally suggested by Schiller (Reference 19)

g and Smith and Clutter (Reference 20). Kendall (Reference 2) and Reshotko

M (Reference 1) have re-emphasized that Re, must reach a value of about 100 for |Dh‘
_f roughness to become effective. In the present instance the resulting required 5&
:.:: k was computed to be about 0.01" (0.025 cm). ,{‘\f::_'l
J Second, it became clear that such large k values would compound Séﬁ

difficulties (already encountered for smaller k) of making meaningful boundary
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layer measurements. An average k of 0.01" would produce an average ratio of

ety

k/d = 1/4, and on occasion much larger for isolated large grit elements. But

unless k/8 < < 1 the entire concept of a uniform, statistically homogeneous

random surface collapses since k cannot be considered a characteristic length

constant from one point on the surface to another. Furthermore, the solid
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surface itself can no more be defined when k is so large. These conclusions

are obviously true for any supersonic/hypersonic flow, and therefore work with

the random-distributed sand-type roughness was discontinued.
A roughness type was next sought which would eliminate the difficulties

just described. The arrangement settled upon, shown on Figure 4, consisted of

felelele
B A N )

a periodic pattern of alternating ridges and grooves ("teeth") machined
transverselly over the entire length of a cylindrical afterbody; the top of

the ridges defined a cylindrical surface coinciding completely with the

7
.0,

largest diameter of the ogive (i.e. the grooves were recessed and the ridges

LS

did not protrude from the model surface). The ridge height was 0.036 cm

Dt
a
FERN

y (Figure 4), consistent with the requirement on Re, as per above. At the same
- time, however, the spacing between adjacent ridges (= 0.072 cm) was made small
%' to prevent the boundary layer separating at the top of a ridge from
-
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: reattaching on the floor of the adjacent groove. It had already been known ‘-EEE;‘:‘
® from the work of Charwat, Dewey and others (References 21 and 22) that for atad
length-to-depth ratios of the type shown on Figure 4, the groove cavity is
i "spen", i.e. the layer separating from one ridge proceeds parallel to the flow
i. to reattach on the top of the next. The present choice of open-cavity flow
would seem to create a new virtual surface of the model that is defined by the
ridge-tops. In turm, such a flow would be free of point-to-point anomalies in
® the mean flow profiles, but at the cost of also not taking full advantage of
the ridge height. It will be shown later that the profile data taken showed
that the flow over a groove was, in fact, very similar to that over a ridge.
® As to the efficiency of this type of roughness in tripping transition, this
was indeed confirmed immediately by Schlieren and pitot measurements, as will
be shown in Section 4.2.
) At about this time, it also became clear that the boundary layer
development over the ogive-cylinder had certain disadvantages. For example,
the boundary layer growth was not of the Blasius type, and especially at and
® downstream of the shoulder the measured momentum Reynolds numbers Ree were
too large (Figure 5). Such behavior is typical of axi-symmetric ogive-
cylinder flows but is not conducive to the study of stability. This phase
r3 having exhausted its usefulness, the experiments were continued with a flat
! plate geometry.
; 4, Flowfield Measurements
o 4.1. Flat Plate Model Geometry
Beginning in 1982, the program was continued with the design and
fabrication of a 2-dimensional sharp-tipped flat plate model for the stability
© measurements. Like its axi-symmetric predecessor, this model, pictured on
| 7 -
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Figures 6 and 7, had provisions for changing its top surface from a smooth to

o)

%

a roughened one. This was done by the use of interchangeable inserts, one of

which was smooth, and the other roughened by parallel "teeth” of the same

[ A
o ‘:r.'1; 7*'

geometry as used for the axi-symmetric model (Figure 6). All discussion will

8

o
"

henceforth pertain to this flat plate model only, which is pictured in Figures

&
"-f

6 and 7. 6,[.

4.2. Overall Flow Characteristics and the Transition to Turbulence

i This report deals with measurements done on the flat-plate model ‘._-J
e described above placed in the uniform, steady Mach 3 flow of the SWT test Lﬂ
E\. section as pictured in Figure 7. Before the amplification data are discussed,
f;. however, it is necessary to describe the overall features of the flowfield in 2
xg the SWT nozzle and the model installed within it.

\- The overall flow features can be seen in the Schlieren photos of Figures

8 and 9 and in the pitot profiles of the boundary layer included in Figures 10
through 13. The Schlieren picture shows clearly the boundary layer and also
the reflection of the leading~edge shock wave. Tramsition to turbulence is

also shown.

The tunnel noise environment is best illustrated via Figure 15. The
boundary layer transition onset on the SWT interior sidewalls has been studied
at intervals over nearly 15 years, and it has always depended on Po in the
manner illustrated on this figure. In the present measurements, the
significant P, levels chosen were p, = 350, 475 and 600 torr (mmHg.). The
plate model was installed so that its leading edge lay 13.2 inches (33.5 cm)

from the nozzle throat. According to the graph of Figure 15, this means that

:::f_ at p, ™ 350 turbulence radiation from the sidewalls never reached the plate
’.f

% surface; on the other hand at Po = 600 the entire length of the plate was
- irradiated from the sidewalls. The intermediate case of p, = 475 torr is such
:’:": 8
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that sidewall radiation along Mach lines first reaches the plate at a distance
of order ~ 5 cm downstream of the leading edge.

Trangition measurements on the plate were made on several occasions in
this research with the Schlieren optics, pitot probes and the hot-wire
anemometer. In the present instance transition onset was quantified using the
velocity profiles which are summarized on Figures 8 through 14 (the flowfield
implications of these profiles will be explained in Sectiom 5.3). If, for the
moment, we concentrate on the agreement between the data and the Blasius
theory, it is evident from Figures 10, etc. that at a certain x distance for
each of the six cases shown, the data depart from the Blasius theory. This
"first departure” point (or x) was used here to mark the transition onset.
These first-departure points, listed on Table I and plotted on Figure 16, are
identified by means of Re,, R, nominal Re and actual Re ; the latter values
represent the momentum Reynolds numbers actually measured, and are discussed

in Section 5.3.

TABLE I
TRANSITION DATA SUMMARY

I. REYNOLDS NUMBERS AT FIRST DEPARTURE

SURFACE Po (mm) Rey (thousands) R=(Rex)1/2 RegnoM Reg ACT

SMOOTH 350 353 594 394 446
475 404 636 422 489
600 449 670 449 533

ROUGH 350 271 520 345 372
475 351 593 394 454

600 415 644 428 523
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II. UPPER LIMIT OF MEASUREMENTS (FLOW NOT YET FULLY TURBULENT)

N Y S » s S S SAERLY Y

SMOOTH 350 476 690 458 553 ,
475 706 840 558 768 ::._E.'»l

600 783 885 588 848 '-:::i:‘

'-:s'-_,.

ROUGH 350 462 680 452 576 ‘,ﬁ;ﬁ

475 723 850 564 922 Ny

600 792 890 591 1032 o

. The noteworthy results of Figure 16 are (a) transition as represented by .! .

the first departure is a function of Re” for the smooth and rough wall alike,

\ (b) the ridge-groove roughness is effective in moving transition forward, and
i (c) this effectiveness is pronounced at Re” = 29,000/cm but less so at ®
. Re” = 56,000/cm. Note, for example, that at Re” = 29,000/cm a decrease of 15%

(from Regr= 400, say, to 350) in Rewrepresents a 302 decrease in the x of
i the transition location. Also to be noted from Figure 16 is that there is no .u
evidence from these data that sidewall irradiation makes any sudden changes in .i
.' the behavior of Reyr (Re”). ‘
i The lower part of Table I should dispel any illusions that the transition

process occurs at Reynolds numbers as small as indicated by the first

departure. The best estimates made of Cf, to be presented later, show that

| PR

fully turbulent flow was not attained even at the farthest positions x .E—J
BARAN
examined in this experiment. Especially if the actual Ree is considered, the e

transition process is still incomplete in the range 550 < Reg < 1050 and

] depends on P, and plate surface configuration. The wetted distance x over -u
> which transition is in progress is thus quite large. NN
- With the preceding discussion in mind, we have attempted some comparison _
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i with transition correlations in wind-tunnels compiled by Pate (Reference 23) ® 1
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and more tecently by Beckwith (Reference 24) and shown in Figures 17 through

20. The comparison is somewhat tenuous since the definition of "transition"

i varies trom one author to the next, but it is made in order to uncover any
large and fundamental differences between the MSU/SWT and other facilities.
There seems to be no such difference. This finding is important; it inspires
¢ confidence that there is no fundamental reason why the present transition, and
presumably stability, behavior should be unique to the present wind-tunnel.
TABLE II
o
MATRIX OF MEAN-FLOW MEASUREMENTS
Mach number (nominal): 3.0
() Stagnation pressures: 600 mm Hg abs. (torr)
475 mm Hg abs.
‘ 350 mm Hg abs.
!. Stagnation temperature: 100 F (560 R)
(125 F with P, = 350 mm only)
Types of surface: Solid (smooth wall)
® Rough (rough wall)
Distance x from L.E.: 0-16 cm (profiles taken at 1 cm increments)
Data Coding Method: Data groups consist of a four-digit number with:
¢ -First Digit: Surface code: "3" for smooth surface
"2" for rough surface
-Second Digit: Pressure code: "3" for p, = 600 mm
L "2" for Py = 475 mm
"M for Po = 350 mm
-Third & Fourth Digits: x(cm)
| (Note: For the stability measurement done with the anemometer, the third and

fourth digits refer to x in tenths of an inch, e.g. 3347 means that the data
were obtained at x = 4.7 inch.)
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4.3. Instrumentation and Procedures for Flowfield Measurements

Three principal instruments were used for quantitative flow diagnosis of
the mean—average flowfield. The model surface temperature was measured by
contacting an iron-constantan thermocouple with the underside of each imsert.
The surface static pressures were measured with a static-pressure probe
consisting of a 0.022" dia. tube with 0.013" dia. holes drilled around its
circumference and located 0.20" downstream of the closed, sharpened end of the
tube. During the measurement the tube was held parallel to the flow and in
contact with the surface and traversed slowly backwards (see Figure 21) while
the static pressure output was recorded continuously. Tests showed that the
spatial resolution of this probe was of order & /2; this is satisfactory
considering that the stream-wise extent of the mapped region was about 15 cm
or 1008, and that normal gradients were not expected on theoretical grounds.

Boundary layer profiles were recorded by traversing a 0.004"-dia. pitot
probe normal to the surface. Based on an average S of 0.15 cm, the spatial
resolution of this probe was of order 1:15. The SWT probe actuator system
served both to suspend the probe and to move it in an advance-pause-measure
sequence. A schematic of the system is shown on Figure 22. The pitot signal
was translated from pressure to voltage by a Kulite 0-5 psia pressure
transducer, so that at each point of measurement two voltages were auto-
matically recorded, one corresponding to distance above the surface. These
voltages were converted to digits by a Spectral Dynamics SD133 A/D Converter
and stored on cassette by a Texas Instruments Silent 700 computer terminal.

The mean-flow matrix of measurements is shown on Table II. For each of

the six combinations of 3 stagnation pressures and 2 types of surface, the

plate surface pressurc and temperature was determined and boundary laver

profiles spaced 1 ¢m apart were obtained with the pitot probe, each profile




typically containing 60 point measurements. Several profiles were taken in
the transitional zone as well. All data were taken at the mid-span position
of the plate. Each profile was coded with a four-digit number as explained on
Table 1I1I.

During the measurements, it was discovered that the boundary layer growth
became anomalous at x > 6 cm when p, was 475 and 350 mm. Since the SWT
sidewall was laminar at these pressures at the point where it intersected the
plate leading edge, it was determined that the latter caused sidewall boundary
layer separation and set up a system of waves converging at x = 6 cm on the
top plate surface. The problem was corrected by limited tripping of the
sidewall boundary layer ahead of its intersection with the plate leading edge.
Details of this scheme are given in Appendix A.

The mean-flow data were reduced by the standard technique of combining
the pitot, static pressure and wall temperature measurements. At each
position x chosen, the static pressure was known from the continuous static-
probe traverses described above. The total temperature had been measured at
only one point, but this was considered adequate because of the expected
uniformity of T along the plate and the known insensitivity of the data
reduction results on To. The measured T, was assumed valid at each point on
the surface and each p,. The distribution of T, through the layer was assumed
linear; T,e 8t the layer edge was found to be equal to T,

The data reduction programs did not account for the licstortion of the
pitot probe reading due to viscosity (Reference 25). The viscous effect
should be most pronounced at the surface, where the minimum diameter-based
pitot probe Reynolds number was typically about 10. A viscous error of
several percent is possible in this case for the data taken right next to the

surface. On the other hand, such data should be in any way rather unreliable
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because of probe-surface interference, and their dubious validity did not
justify viscous correction (see below for the handling of the first few points
next to the wall).

The boundary layer thickness was determined by inspection of preliminary
plots of each profile. As always, the choice of d is somewhat subjective in
boundaries of laminar flow which are diffuse, a difficulty compounded by the
finite probe size. Gemnerally the method of Kendall (Reference 26) was
followed, and onced was found then final data reduction of the profile was
made.

The local "edge" properties (subscript "e") were found from the last
profile point, which usually lay at y~1.38 . The flow within 0<y <1.3%
was invariably uniform and constant, so that this method eliminated the
propagation of errors in finding 8, tc the determination of the edge
properties.

During the measurement, the pitot probe tip was always observed with a
microscope to ensure that the first recorded datum of each profile was taken
with the probe touching the surface, and the second with the probe off the
surface. Because of the miniscule motions involved and the finite precision
of the hardware, more points than one were always recorded with the probe
touching the surface. This could be confirmed with the microscope, however,
and a tag notifying the computer of such "bad" points was included in the data
analysis. For the rough wall measurements, the "surface" terminology must be
replaced with "top of ridge"; note Figure 6 in this connection.

The data thus reduced for the laminar portion of the boundary layer
produced velocity profiles which generally agreed well with the Blasius
theory, as will be shortly demonstrated, except for a small displacement along

the y axis. This displacement ranged from 0 to 10 mils in extreme cases, and
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remains unexplained at this writing. To account for this problem, the data
were first plotted to measure this displacement ("offset") for each profile,
and then reduced for a second time by adding the appropriate offset to the
measured vertical distance y. This came to be known as the "offset'" method of
data reduction. The offset method had the added feature that anomalous points
near the surface were eliminated while computing the momentum thickness and
also during final plotting of the profiles.

A special problem arising in the rough wall measurement concerned the
definition of the "surface". As already mentioned, the succession of two-
dimensional cavities formed by the ridge-groove roughness was ignored by the
flow, in the main, because each cavity was closed. Pitot profiles taken
directly above the ridges gave velocity profiles identical to those taken over
the grooves (e.g. midway between two successive ridges). Thus, the plane
formed by the tops of .he ridges formed the "surface" in the rough wall
measurements (see Figure 23).

The management of the data is outlined in Appendix B. The main inputs
consisted of tabulations of pitot readings vs. y into files called PITOXXXX or
PITXXXX where XXXX is the code given in Table II. The principal reduction
program was LAMBL2 which received the PITOXXXX files and produced printouts of
the results and, if requested, prepared and stored files GRAFXXXX suitable for
graphics plots of these results. Summary graphics plots of integral
properties vs. Xx were also possible by using files called DOTALXX, where here

XX refers to the first two digits of the code of Table II.

5. Results of the Flowfield Measurements
5.1. Plate Surface Temperature
The surface temperature measurement gave a recovery factor of 0.937

0.007 for all conditions of p, and surface configurations.
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5.2, Plate Surface Pressure

The surface static pressure distribution along the plate centerline is
shown on Figure 21. There are discernible small pressure gradients toward the
trailing edge where stability data were not taken in anyway; otherwise the
pressure is nearly constant, insensitive to the surface roughness and such as
expected from isentropic expansion calculations.

It is of some interest to examine the surface pressure distribution over
the rough wall in the greatly magnified detail of Figure 24. The trace shown
has been obtained during the static probe traverse (see Section 4.3), has been
copied directly from the x-y plotter record, and is a magnified portion of the
static pressure distribution in the neighborhood of x =12 - 13 cm for the
rough wall at Py = 600 torr. For this case the boundary layer included in the
graph is turbulent; note the relative dimensions mentioned on the figure (and
refer to Figure 8 for a photographic view). The remarkable feature of this
trace is its periodicity; there appear two prominent wavelengths, the larger
(032 cm) being of order 8 , the smaller one (0.08 cm) being very close to the
spacing between ridges, i.e. to the roughness wavelength. The smaller
wavelength is undoubtedly associated with the roughness, i.e. with an
equivalent wavy-wall effect. The origin of the larger wave is not known. In
either case the periodicity in the pressure is rather small, of order 0.62 for
the larger, and an estimated 0.05Z for the smaller wave. It should be
stressed that the pattern of Figure 24 disappeared when the boundary layer was
laminar, in agreement with the notion that pressure features are accented when
the flow over the generating surface features increases in speed. No account

of this waviness was therefore taken in the analysis of the stability data.

5.3. Boundary Layer Development

The profiles of flow properties through the boundary layer are shown on
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Figures 10 through 14; integral properties are shown on Figures 25 through 27 ;:"_;5

) and tabulated in Table III. ﬁjﬁ
These data, together with the preview afforded by Figures 8, 9 etc. ;‘?\1

collectively support all preconceived ideas about a normal laminar boundary -f:g

H. layer ending into a transitional zone. For the smooth wall (e.g. Figure 13) ‘:‘
the velocity profile is in agreement with the Blasius theory (Reference 27) up ::f;

to the "first departure" point already discussed in Section 4.2. Beyond that ':.:_E

*‘ point am increasing disparity appears between the theory and the data as x -“.f:\'

increases. The agreement between the theory and the laminar data is most
convincing; a few isolated exceptions occur near the leading edge where the
‘. laminar boundary layer is so thin that some probe-flow interference is
expected. All profiles show no data very near the wall (y/5$< 0.2) for the

same reason. Note that the data are shown in terms of the transformed

H. coordinate y normalized with the measured momentum thickness:
- J‘ £ dy (3)
g s Pe
3
8 2.&. (S el )qu
o oPe“e €

where all quantities in the integrands were drawn from the measurements.

The integral properties, etc. from Table III have been compared with

L B ad oo

their theoretical counterparts: . ".-:::-.j

C Ya X C 112 ¥-1 2 At

! 8__:5’84,(_3‘*_-) (l+.4l7TMe) (4) E

{ e \/72 . _ -

: 6 =o0.664 (LX) (5)

. Ue

i Re¢d = Re§? = 104 % (6)

: Re 6= Re'®" =0.441x ) :

4 -.:.

i Reg = 0.664 (Res)’* x0.664R (8) S

| oS

IG where for the three latter formulas we have used y=1.4, M, =3 and C = 1. ﬁ

: Eq. (8) has been plotted on Figure 13 and 14, and it is seen that there is a ::'__:::::
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TABLE III.

A. Smooth (Solid) Surface

P x

(Togr) (cm)

350 3

4

10
11
12
14
16

475 3

10
11
12
14

16

'~

Group

3103
3104
3105
3106
3107
3108
3109
3110
3111
3112
3114
3116
3203
3204
3205
3206
3207
3208
3209
3210
3211
3212
3214

3216

..........................

Number

of Points

51

59

63
73

75

79

80

86

95

95

97

112

50

58

67

64

70

87

81

95

93

96

107

132

Me

.98
.97
.94
.91
.94
.95
.97
.99
.00
.00
.88
.86
.04
.05
.03
.02
.01
.01
.01
.00
.99
.00
.99

.95

18
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Re’
(cm™

29800
29900
29600
28900
29500
29500
29900
29600
29800
29300
27600
29100
44100
44700
44300
44000
43600
43900
44400
44200
43900
43500
42600

43300

1y

§

(cm)
.095
.109
.122
.136
14

.158
.155
.167
.188
.202
.194
.225
.08

.091
.103
.107
.137
147
.156
.149
.159
.16

.187

.229

FLOWFIELD INTEGRAL PROPERTIES

e

(cm) (x§8§3)
.0078 89
.009 119
.0101 132
.0115 173
.012 206
.013 235
.013 268
.0137 296
L0148 327
.0158 352
.0163 387
.0196 465
.0065 132
.0073 178
.0082 221
.0088 263
.0112 305
.0119 350
.0126 399
.0121 441
.013 482
.0133 521
.0151 596
.0176 692

st

232
270
300
332
354
385
387
405
440
466
452
572
288
327
364
386
489
522
562
533
573
577
645
760
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P

(Togr) (cm)

600

350

-----

X

3

4

10
11
12

14

10
11
12
14

16

| LS SR Rt g Rag Wil Salh 0 Lio N, i ™S el 9

Group

3303
3304
3305
3306
3307
3308
3309
3310
3311
3312

3312

2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2114

2115

Number
of Points

50
60
63
64
70
73
75
79
84
97

154

51
59
70
77
83
73
82
97
93
95
99
121

133

...............
..................

Me
3.06
3.07
3.06
3.06
3.05
3.05
3.04
3.02
3.01
3.02

3.02

ROUGH SURFACE

2.95
2.95
2.94
2.97
2.9

2.91
2.95
2.94
2.95
2.94
2.94
2.87

2.82
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R
(cm

56400
56600
56400
56600
56300
56300
57000
56500
55800
55100
54000

29100
29100
29100
30200
28200
28200
29000
29200
28900
28600
28200
27700

28200

21)

)

(cm)
075
.089
.099
.104
.116
132
.131
.133
.138
.153

.196

.0737
.0878
.108
.125
.12
.132
.153
.16
.154
.163
177
.211

.229

T Y

:)
(cm)

.006

.0072
.077

.0083
.0091
.0101
.0106
.011

.0115
.0121

.0153

.00617
.00728
.00883
.0103
.0098
.0115
.0128
.0133
.0129
.0137
L0143
.0176

.0208

......

Re

(xle3)

169
226
282
339
393
449
513
564
613
661

157

58

87
116
151
169
197
232
262
289
315
338
388
450

o~

338
406
437
468
515
571
606
620
642
670

829

180
212
257
310
2717
324
370
387
374
391
402
486

586

(Y
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P, X Number Rei ) e Rex3 Re 8
(Torr) (cm) Group of Points M, (cm™") (cm) (cm) (x1077)
475 2 2202 41 2.99 42800  .0628 .00511 86 219
3 2203 43 3.01 43000 .076  .00623 129 268
4 2204 49 3.0 42400  .0849 .00716 170 304
5 2205 71 3.01 43200  .0935 .00772 216 334
6 2206 65 3.0 43200  .105 .00885 259 382
7 2207 69 2.99 42700  .121  .0104 298 XA
8 2208 77 3.0 43200  .126  .0108 346 468
9 2209 87 2.99 43500  .136  .0117 392 510
10 2210 91 2.97 42900  .154 .0126 429 543
11 2211 94 2.98 43200  .148  .013 475 560
12 2212 111 3.0 43000  .172  .0143 516 615
14 2214 123 3.0 42700  .199  .0159 598 677
16 2216 141 2.98 44300  .223  .0186 709 826
600 2 2302 46 3.03 56000  .0585 .00465 112 260 )
3 2303 5 ee=  —m- S — — - e
4 2304 58 3.01 54400  .0808 .00654 217 356 S
oka
5 2305 62 3.02 55100  .0847 .00721 276 398 e
e
6 2306 64 3.01 54900  .0982 .00795 329 436 Sl
R
7 2307 68 3.01 54700  .108  .00906 383 496 v
of
8 2308 72 3.0 54100 .12  .0l101 433 549 Y
9 2309 81 2.99 54900  .139  .0115 494 634 _fr;
10 2310 87 2.97 54700  .158  .0126 548 689 T
of A
11 2311 127 2.98 55500  .192  .0136 612 756 Dy
S
12 2312 127 3.01 56000  .219  .0153 672 860 e
. ?‘:".
14 2314 182 3.01 56200  .319  .0207 787 1161 e
ol
R
::x"_\
e
A
,-‘.:«’.
20 . J:.
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systematic and growing departure between this formula and the data as x
® increases, which is apparently independent of p, (and Re”). Since Ree will be
needed later for the description of the stability behavior, its departure from
eq. (8) was formalized by a least-squares fit of the points shown on
o Figure 13: Re, Re, .2
ReeAcT = Reg o ¥ % Tooo +Q,( 000 ) (9)
where "ACT" and "NOM" refer to actual (measured) and nominal respectively, and
o where the nominal Rey is given by eq. (8). The coefficients aj, aj for the
smooth wall were a; = -6.609E-3 and a; = 4 315E-4.
For the rough wall, the rather surprising fact emerges that the velocity
o profile shows no characteristic "signature" of the roughness. This can be
verified from Figures such as 14, etc. where it is seen that any differences
between the rough wall profiles and the Blasius theory or the smooth wall data
® were very small and irregular so long as the boundary layer remained laminar.
r Much effort was devoted unsuccessfully in plotting various aspects of the data
: in order to find any systematic differences between rough and smooth walls.
o The best that could be done is pictured on Figure 28. Here the abscissa is
again in terms of % , and its range covers fully the boundary layer width
The ordinate is the
¢ INCREMENT = ( =) - (—U-L—) (10)
Ue smooTH Ue RoueH
As this Figure shows, for low-speed flows with a sandpaper surface Kendall
bt’ found a positive increment near the wall, meaning that the roughness acted to
decelerate the flow. The data points from this experiment indicate a certain
acceleration. However, one should note the data scatter; furthermore, the
° data shown are the end products of a heavy editing process (other data were
e 21
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‘5 much too scattered for inclusion) and are shown as a rather biased attempt at EEE

E’ comparison. No conclusions are thus recommended on the basis of this figure, ;;
although it is clear that the present data lie sufficiently close to the wall ‘iF

é; to divulge any chance distortion there due to the roughness.*

F: The momentum Reynolds number for the rough wall, according to Figure 14,
departs from the smooth wall theory, as already observed for the smooth wall

E; in Figure 13 and eq. (9). The actual (measured) Re for the rough wall was

E; therefore fitted with a formula like that of eq. (9), except that in the

- present case a) = -0.1354, a; = 8.741E-4.

N

ig 6. Stability Measurements

N 6.1. Instrumentation and Data Acquisition Procedure

The stability data were extracted from the AC signal of a constant-
:? current hot-wire anemometer probe such as pictured on Figure 29. By
. exercising extreme care in using these probes, such as shielding them during
!! tunnel start or stop, only one probe (No. 9) failed during the many 8-hour
days necessary to accumulate the data, so that a total of only two probes

sufficed for the measurements. The geometrical and operating characteristics

AR
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of the probes are shown on Table IV.
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TABLE 1V

HOT-WIRE ANEMOMETER CHARACTERISTICS

PROBE NO. 5
Diameter, microinch 20
Material Pt 10%
Resistance at 0 C (ohms) 78.57
Aspect Ratio 175
Heating Current, ma 3.4
Overheat, percent 50
Amplifier gain 50
Time constant (microsec.) 30
High cut-off (KHZ) 500
Low cut-off (HZ) 3

Rh

9
20

Pt 102 Rh

70.8
158
3.03
49
75
30
1000
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The function of the measurement was to make a permanent analog record of
the probe output at each of a large number of points x, at constant y/S , for
each combination of p, and surface condition (rough or smooth). Such a
permanent record was made possible with the equipment diagramed on Figure 30.
The AC probe output was recorded on a wideband-FM channel of a seven channel
analog recorder (Honeywell 7600) at 120 ips (Channel 7), which had a response
to 400 KHZ; a direct channel (Channel ) with a response to 2 MHZ also
received this signal, for subsequent study of high-frequency (0.4-2 MHZ)
phenomena of possible interest. The signal was monitored in real time by the
devices shown on the left on Figure 30, while in the upper right of the Figure
is shown equipment by which the probe position was controlled, monitored and
recorded. Channel 4 of the recorder was used for a 20 KHZ tone (see lower
left hand side of Figure 30) which, on playback, was used as a '"valid data on"
command for data reduction. Finally, equipment shown on the lower right hand

side of the figure was used to ensure that the recording process went

smoothly, in real time.
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The measurement consisted of first positioning the probe tip at the
desired x and y/8 (the choice of the latter will be explained in Section 6.2)
and recording the probe signal for 10 seconds; then the probe was moved to a
new x, keeping y/8 the same, and the process repeated. Each l0-second signal
burst was called a "data group" and logged as per the rules of Table II. The
collection of groups for each particular p, and surface condition is called a
"data set". Data sets were taken not only inside but also outside the
boundary layer, the latter by holding the probe 0.25" (0.625 cm) above the
plate surface. The stations x were separated by 0.1" (0.25 cm) and ranged
from about 0.2" downstream of the L.E. to a point well into the transitional
regime.

The data are summarized in Table V. The "BL" designation refers to the
data taken within the boundary layer, while "FS" refers to those taken in the
free stream, as just explained above; there are thus 2 x 3 x 2 = 12 sets of
data altogether. The number of x positions, i.e. data groups, is seen to vary
from one set to another. For example, for P, = 350 torr with the rough wall,
there were 12 + 17 = 29 groups recorded in the free stream outside the layer
in the "forward" probe position with probe No. 5, and another 14 + 22 = 26
groups recorded in the "back" position with probe No. 9. Thus there was a
plate lenth equal to (29 + 26) / 10 = 5.5 inches of flow covered at 0.1"
intervals. 1In all, 690 data groups were recorded on 20 reels totaling about
210,000 feet of tape.

It is important to note that the hot-wire anemometer responds jointly to
fluctuations in the fluid speed, its temperature, density and pressure. The
process by which the latter fluctuations are extracted from the wire AC
voltage is called "modal analysis”. In practice (References 5, 8 and 12 for

example) modal analysis is put aside in stability experiments because of its
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great complexity, because of the theoretically-confirmed insensitivity of the
stability to the precise mode of fluctuation (Reference 13) and because of
recent experimental confirmation of such insensitivity by Stetson et al
(Reference 10). Therefore, in this work the quantity A(f;x), while in reality
the spectral density of the AC anemometer voltage output, is equated to the
rms spectral density of a typical fluctuation. Spectral densities or
amplitudes were in anyway unimportant in this work, and only the amplitude
change was studied. The complex and lengthy process of computing this change

(i.e. the amplification rates) from the anemometer signal is explained in

Appendices C and D.

6.2. Initial Observations

Initial observations with the hot-wire anemometer confirmed that the zone
of transition to turbulence varied in the manner shown on Figure 16. In the
free stream the rms output of the wire was generally so low as to be almost

indistinguishable from the electronic noise. The wire signal always increased

in the laminar boundary layer, however. Traces of the wideband signal vs. y/5

are shown on Figure 31. In the range 0.2<Iy/3 < 0.9 this increase consists
of a "double-peaked" curve which appeared to maintain a self-similar form
along x, independent of p, and surface condition. Of these two peaks, the one
occurring at about y/8 = 0.45 was slightly larger than the other, occuring at
about y/& = 0.68. Similarity of this profile stopped at the first departure
point.

At low speeds, Schlichting’s theory (Reference 28) and wind-tunnel data
(Reference 3) suggest such a double-peaked distribution because of shifting
phase of neutral oscillations across the boundary layer. The experimental

record at hypersonic speeds, on the other extreme, speaks of a similarly
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“noisy" laminar boundary layer profile but with a single peak (References 6,
etc.). A double peak is noticed in the early data shown at M = 2.2 by JPL
(Reference 5), but more recent JPL measurements by Kendall in the 2 < M_ < 5
range indicate a double-peak only at M, = 3. It seems, therefore, that in the
supersonic/hypersonic regime this double-peaked wideband fluctuation profile
is specific to or around Mach 3, although for reasons presently unknown.

Another peculiarity obvious from Figure 31 is that the wideband peak
signals do not always intensify along x, and that these signals are already
large at very small x, of order 1 ¢cm. One possible answer is that
considerable amplification occurs very near the leading edge (say at x < 1 cm)
where linear stability theory, however, predicts nothing but damping (Reaat
distances so close to the leading edge are of order 100). Coupled with the
greatly suppressed fluctuation levels in the free stream, as mentioned above,
this implies a sudden large increase of the disturbance level as the
fluctuations first enter the layer very near the leading edge. We shall
return to this subject later from another direction, when we discuss the total
amplifications measured in the boundary layer.

All measurements reported hereafter were taken at y/d = 0.68, that is on
the energy peak of Figure 31 which was farther from the wall. Using this peak
as a landmark simplified the task of keeping y/& constant from one x to
another. Use of the peak at y/& = 0.45 was rejected for fear of increased
risks of wire breakage and wall-probe interference.

The data taken outside the boundary layer (sets 51, 52..., 61, ....) were
used to scrutinize the effect of p, on the stream turbulence, via Figure 32.
Even though the signal was not modally analyzed, it is clear from this figure
that there exist two general levels of stream turbulence intensity, both of

which incease with Re,. At the top level, marked "with B.L. radiation" in the
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figure one finds the data recorded when the wire was immersed in the sound ;ﬁ;q;
radiation field from turbulent sidewall boundary layers. The lower level, iaéf.
¢ marked "w/o B.L. radiation" corresponds to laminar sidewall boundary layers. ’
The figure confirms an earlier projection, based on Figure 15, about the
location of sidewall transition (see Section 4.2). These "free stream"
¢ wideband signals range from 0.015 to 0.04 vrms compared to the boundary layer
signals (Figures 33 and 34) which range from about 0.06 to 1.6 vrms. The
latter signals also scale, approximately, with Re, as shown on Figures 35 and
® : : : : .
36. This is a most important result, since it says that the sidewall
radiation has little, if any, systematic effect on the growth of disturbance : x
level in the boundary layer. EEE:;
¢ In all circumstances the wideband rms signal along the boundary layer was k::-}
found to increase considerally some distance before the point of first ;:?;E
departure. Figures 37 to 42 have been prepared to set this incresse in iy:ﬂ;
® context with observed profile shapes and friction coefficients discussed in -_,:
Section 5. It is seen that this increase amounts to a factor of 3 in typical é:iig
cases, and it starts much closer to the leading edge than sometimes thought :éxii
o especially if one keeps in mind the relation x ~Rex2. For example, for the
rough wall at p, = 350 torr (Figure 40) the x at which the wideband rms starts
increasing is half the x at the first departure. Wideband rms observations
¢ alone would thus be most unsuitable for locating the transition zone.
6.3. Results of the Stability Measurements
< 6.3.1 Spectra of the Fluctuations
The spectra of the fluctuations are shown typically in Figures 43 and 44,
to an upper limit of 120 KHZ. 1In accord with expectations from linear
e stability, the spectral density seems to decrease, generally, at the high

frequencies. The rough wall data appear, too, to be much more "selective"
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. e
Ei than the smooth wall data, with peaks in the 10-40 KHZ range. In contrast to Eii
N results presented at subsonic, low supersonic and hypersonic speeds in ‘E__'.
- References 3, 5, 6, etc. the present smooth wall results are quite E§§
E‘ unselective. This is so despite the practice in most earlier works to present ::3
A the mean-square spectral density A2(f), as opposed to the rms density A(f) ° H
- shown on Figures 43 and 44 which, incidentally, is therein labeled "amplifier gzii
; output." Figure 45 shows a comparison between the spectra in the boundary g?f
= layer and those in the free stream under the same conditions. .._._
. A three-dimensional view of spectrum development for the six cases under %&;
'i study is shown on Figure 46. The selectivity of the rough wall boundary layer :i;;
- becomes very obvious in these plots. Note that the plots extend into the Siﬂ
:_ ] =
‘f boundary layer transition zone. :iji
é: As mentioned above, the smooth wall data had very low selectivity. Even e
S 80, peaks in their spectra could be faintly identified toward the end of the
f laminar range. Figure 47 shows the position, on the stability diagram (F,
;- Ree), of all the spectrum peaks thus observed. The locus is often called
. "maximum amplification" line in the literature, which should not be confused
f; with the "maximum amplification rate" line in the ( F, Re, ) space. The data
i: shown on this figure were taken directly from the spectrum peaks found from
; figures such as 45, etc.
g The point made by Figure 47 is that, first, the maximum amplitude line is
o quite independent of Re”; second, there seems to be no effect of the rough-
i ness; third, the data agree with those of Laufer (Reference 5) in that they
N form with the latter a logical progression in the range M, = 1.5 - 3. In this

respect, note that the agreement improves when the actual Re_ is considered.
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6.3.2. Characteristic Wavelengths

At this point it is appropriate to remark about an interesting
generalization implied by Figure 4], Motivated by similarities between the
incompressible and compressible boundary layers when coordinates in the latter
are compressed by the compressibility transformation, Laufer and Vrebalovich
found (Reference 5, Fig. 32) that their neutral amplification data coincided

with those at M = 0, by Schubauer, if F is plotted vs.

_ued (11)
Res = ¢

A coincidence similar to that indicated in Reference 5 for the neutral
branches is bound to occur also for the maximum amplitude line which follows
closely the upper neutral branch, inviting an inclusion of the Schubauer-
Skramstad data in Figure 47. We can, however, do better. The upper neutral
branch for the amplified region observed in References 3 and 5 is very nearly
a hyperbola, so that in the correlation scheme of Reference 5 the maximum

amplitude should occur along a line of the type

F o~ CoNST, (12)
Reg
which in turn gives
2Tt ’ -F S
= RES =2 ()8 = 2t = = ComnsT
FRes = Uere (%) A (13)

where )\ is the disturbance wavelength based on the edge fluid (not the phase)
velocity. Thus the Laufer—Vrebalovich correlation implies that the wavelength
is independent of M., & point which can now be formally checked by also
including the present data. In fact one can also make a comparison with the

hypersonic data, where %% has been found to be fairly independent of Re_ as

8

well.
This comparison, where )\ was computed from the edge velocity and the

measured peak frequencies, is shown on Figure 48 for all stability data. A
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few points obtained by Kendall (Reference 12) at M_ = 7.7 are not shown, but
these data fall almost exactly on top of the other hypersonic results
included. Below the bottom margin of the figure lie "higher harmonic" results
about which there is good agreement among References 6, 9, and 12. In passing
it must also be noted that (a) the present data are plotted using the actual,
measured momentum thickness (see previous discussion), (b)both smooth wall and

rough wall data from the present test are included and (c) the M = 7 data of
this author represent three different experiments and include hot- and cold-
wall results (to T_/T, = 0.4).

It is evident from this figure that the prominent wavelengths for
0 < Mg < 3 are of order 30 , while at hypersonic speeds they are much smaller
in terms of § ( A~28, as previously found in References 6, 9 etc.). The

0 < M, < 3 results seem unaffected by roughness, while the M = 7 results seem

unaffected by moderate cooling. Thus this large difference foretells of

fundamentally different instability behavior between these two Mach number

regimes.
The data shown plotted on Figure 48 have been reduced by assuming that

the phase velocity equals the edge flow velocity, as is evident from eq. (13).

This is probably quite true for the hypersonic data, where the prominent
instability is supposed to be of the second, two~dimensional mode, and where

the critical layer occurs very near the boundary layer edge. For the 0 < M, <

3 data, however, the instability mode generating the data shown in the figure
is thought to be the first 3-D mode, with phase velocities fundamentally
*!ﬁ different from the edge velocities.

6.3.3. The Amplification Rates and the Stability Diagram

The amplification rates

- o (R $) = == 7~ ae
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vere determined by first curve-fitting the A(f;R) data vs. R by the least-
squares polynomial method. This curve-fitting became a major issue because of
our desire to minimize bias by using the same polynomial degree for all data,
because of the wide and ondulatory variation of the observed amplitudes and
also because of the sensitivity of the curve-fits to the number of data points
included in the fitted range. One can produce serious differences in the
magnitude of the derivatives of the polynomials A(R;f) which enter (14), by
choosing different ranges of data to fit or by choosing inappropriate
polynomial degrees. Details of these difficulties, as they arose, are
described in Appendix D, and can be appreciated best by scrutinizing the
figures of that Appendix (Figures D.l, D.2, etc.). The end result was to
reduce data always in the range 0 < x < 10 cm and to use a 7th degree
polynomial in that interval.

Figures 49 through 51 present typical results comparing data points on
the variation of A(R;f) vs. R (in this case, A(x;f) vs. x) with the polynomial
chosen to represent each case. With few exceptions the fidelity of
representation is very good. Here care must be exercised not to compare
amplitudes at different Po or wall surface conditions since two different hot-
wire probes were used. Although the solid curves cannot be taken seriously at
the very extremes of the range (e.g. at x < 1 cm, x > 9 cm) it is already
clear from these figures that the disturbance magnitudes tend to increase
greatly in the downstream direction beginning at an x which appears dependent
on p,, even though the range 0 < x < 10 cm is almost always in the laminar
regime. Figure 52 is a copy of the CRT screen display made during the curve-
fitting process and is included to illustrate the ease with which the operator
could examine the validity of the curve-fits.

The amplification-rate findings are exposed here in a number of ways:

e,
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the "relief" plots of Figures 53 through 55, frequency-dependence plots of
Figures 56 and 57, Reynolds-dependence plots of Figures 58 and 59, and finally
Figure 60 which attempts to extract the smooth vs. rough effect.

To those familiar with stability theory, the relief plots of Figures 53
through 55 afford a convenient means of judging the amplification rate
results. There are, in essence, three main features worthy of note: first,
an up~down-running ridge which is sometimes nearly vertical (e.g. Po = 475
torr, smooth wall) or inclined (p, = 600 torr, rough wall) in a way
reminiscent of the classic first-mode unstable region at low speeds. Second,
there is a weak evidence of a small amplification region at low F and low R,
which occasionally blends with the "principal" unstable region just mentioned.
Third, there is a consistent and prominent onset of amplification at "large" R
which actually dominates the picture. Note that this latter feature, marked
by a minimum (trough) in the amplification rates, always lies considerably
upstream of the first departure point, marked on Figures 53 - 55 by a vertical
dashed line (the abscissa on the figures is R~x1/2, obscuring the actual
wetted-length of plate dominated by this feature, which length is typically
one-half of the distance from the L.E. to the first departure).

Considerable scrutiny of Figures 53-60 is required before the principal
lessons taught by them are stated; first, however, we present on Figures 60
and 61 the stability diagrams for the smooth and rough walls in the familiar
R-F coordinates. As the symbol key explains, these figures show the points on
the F-R plane where o = 0 (the neutral branches) with a distinction of the
"lower" and "upper" branch (- &, increasing or decreasing through zero,
respectively). Dots and crosses identify points of minima and maxima in - ;,
respectively; note that a maximum in - &; may not necessarily lie in an

amplified region, and a minimum may not necessarily lie in a damped region.
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That is, one can have "hilltops submerged under the sea"” and "canyon bottoms

on dry land." The value of this presentation is that the imminence of a
stable region in the F~R plane can be signalled by a minimum in - «j(the dots)
long before a neutral branch appears. For example at p, = 350 for the smooth-
wall (Figure 61) the lower neutral branch at R =~ 250 is signaled first by the
trough in-cﬁ occurring near R = 150, and the second amplified region starting
at R~ 450 is signaled first by the trough around R = 400.

It is crucial to understand that the R range shown on Figures 61 and 62
covers the region before the first departure, i.e. it represents entirely
laminar, self-similar flow. The apparent clutter of points includes scatter,
as usual, and probably some instrumentation problems at large F, at the very
tops of the figures.

At Py = 600 torr it is clear that the data clutter becomes so pronounced
that it is impossible to detect amplified on damped regions with any
certainty. This phenomenon occurs for both the smooth and the rough wall. It
will be recalled that at this pressure the boundary layer on the sidewalls was
completely turbulent. The problem with the 600 torr data has therefore been
tentatively ascribed to the increased disturbance level in the stream and, in

the main, these data will be excluded from further discussion.

6.3.4. The First Unstable Mode for the Smooth Wall

Y R et LR Sl 2

We will now attempt to identify and discuss specific features of the
amplification rate and stability diagram results shown on Figures 53-62,
limiting our comments to the smooth wall unless otherwise specified.

Figure 61 shows an unstable region in the lower center of the stability
diagram. The neutral branches, replotted on Figure 63, are seen to be
independent of unit Reynolds number. Also plotted on the latter figure are

the Me = 2.2 data of Laufer and Vrebalovich. 1In their paper (Reference 5) the
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latter had compared their results with early numerical results by Mack
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(Reference 13) and found good qualitative agreement regarding the general
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location of this unstable region and excellent quantitative agreement with
theory as regards to the location of the upper branch. Theoretically, this

so-called first instability mode predicted by theory and found experimentally

(T3

by Laufer and Vrebalovich does not shift greatly in the F-R plane as He ‘L_;:;:

Ly

changes from 2.2 to 3; since numerical predictions for this mode at M, = 3 are Z::::'_IE

- o

not sufficiently in existence from comparison, the similarity with the M, =

2.2 data on Figure 63 prompt the statement that the present data plotted in

that figure represent the first instability mode.

N
An improvement over earlier measurements is noted in tnst the minimum ° o,
critical Reg (~190) and maximum "amplified frequency" F (~ 0.000225) are ‘:?

'_-.‘ quite clearly defined. Two fundamental features of the present data deserve

*r
1

attention, however. One is the shortness of the upper branch which appears to

o l"

stop at Rey =300, F = 0.00013, thereafter "merging" with the lower neutral

xr’-.

branch of a second unstable region (consult Figure 61) to be discussed
shortly. Another is the presence of amplification at low frequencies; below

F = 0.0001 the present data show amplification at all F beyond about Re, = 180

A KA

- whereas theory and Laufer”s tests indicate stability, i.e. damping, at very E‘_::'.'_
i low F. As already mentioned, this low-frequency amplification had already .
N been encountered at M, = 3 by Kendall, reportedly in an extreme form of :j:.}
E’ disturbance growth at all Reg . It is not yet clear whether this phenomenon ‘.:"_

is an aberration common to wind-tunnel flows or a true feature of stability. fu b o

A 108
3,

6.3.5. The First-Mode Amplification Rates R
Figures 56 and 58 show typical amplification rates and Figures 64-65 show

typical amplification spectra; use of R in the abscissa removes the need to
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choose between nominal and actual Re9 . The striking feature of Figures 56-58 ':E‘-':E
is the large rates observed near the leading edge when p, = 600 torr, which F_*""._
® bears on the discussion just concluded regarding low-frequency amplification. ?‘_ﬁ;};
The examples in the figures show that at p, = 600 torr,~d‘,_is very large near ::;EE-,'::
the plate leading edge. This would indicate an increased efficiency of the "5-;?
leading edge region as a conduit and cultivator of spurious noise into the
boundary layer, when the latter is irradiated by external disturbances.
An attempt has been made in Figure 66 to compare the measured
i amplification rates with theory. The only numerical amplific